This study employs theory and experimental data from a laboratory-scale electrodialyzer to predict sodium chloride (NaCl) mass transport and concentration distribution along the electrodialyzer as a function of feed concentration, feed flow rate, applied voltage, and pressure. Moreover, a model was developed to predict the ion removal as a function of driving forces through solving the complete Navier-Stokes, continuity, and steady state Nernst-Planck equations by the finite difference numerical method. The findings of the experiments confirmed that concentration distributions are nonlinear along both the dilute and concentrate compartments. The results also demonstrated that increases in pressure and feed flow rate have a negative effect on salt removal, linear and nonlinear for pressure and flow rate, respectively. In the investigated ranges, higher voltage increased salt removal at a constant feed concentration. c Salt concentration (mole·m À3 ) D Ion-diffusion coefficient (m 2 ·s À1 ) GREEK LETTERS φ Electric potential (v) α Ionic energy parameter ε Dielectric constant ζ Zeta potential (v) ω Debye-Huckel parameter (m À1 ) 597
The mass transport in EDmovement of ions through the ion-exchange membraneplays the primary role in determining the overall performance of system. Therefore, increased understanding of mass transport in ED systems provides the knowledge for optimizing their performance.
The mass transport phenomenon determines the desalination rate and the quality of the desalinated water, so multiple theoretical and experimental studies have been conducted to describe and predict mass transport. From a theoretical perspective, the mass transport phenomena in ED can be described through the Nernst-Planck equation (Mitko & Turek ) . The total flux of ions in the ED process (the mass transport) is driven by three componentsdiffusion driven by the concentration gradient, migration driven by potential gradient, and convection driven by pressure gradient (Hwang )as shown in Equation (1):
For ionic species i, J is the molar flux (mole·m À2 ·s À1 ), D is the diffusivity (m 2 ·s À1 ), c is the molar concentration (mole·m À3 ), z is the ionic charge, F is the Faraday constant (96,485 C·mole À1 ), R is the universal gas constant (8.314 J·mole À1 ·K À1 ), T is the absolute temperature (K), ∅ is the electrical potential (volt), and v is superficial velocity (m·s À1 ) (Mitko & Turek ) .
The concentration gradient, which is the driving factor for the diffusion component of mass transport, is affected by several controllable factors, such as feed flow rate, feed concentration, feed pressure, applied voltage, and membrane characteristics. Although several studies have investigated the effects of these factors, previous studies have reported inconsistent effects for these factors such as feed flow rate, which significantly affects ion removal. Additionally, no study has yet investigated the effect of convection driven by pressure gradient on the concentration profile.
The inconsistent effects of feed flow rate have been reported in multiple published works. Aponte & Colón () examined sodium chloride recovery from urine using the ED process, and they reported that at lower feed flow rateswhich cause higher residence timegreater sodium chloride removal from urine was achieved (Aponte & Colón ) . In contrast, Demircioglu et al. () did not report any significant effect of feed flow rate on the removal of K þ and Na þ ions in their experiments (Demircioglu et al. ). Kabay et al. () also did not observe any specific effect of feed flow rate on ion removal in their experiments (Kabay et al. ) . In another inconsistent result, Sadrzadeh and Mohammadi reported both positive and negative effects of velocity on current efficiency in sea water treatment using a small ED system at different flow rates and different feed concentrations (Sadrzadeh & Mohammadi ) .
The effects of feed concentration have also been investigated in previous works. Banasiak et al. () investigated the effect of the initial sodium chloride concentration in the feed water, and their results confirmed that, at higher initial concentrations of sodium chloride in the feed solution, the rate of removal was greater (Banasiak et al. ). Despite the increase in removal percentage, Ali et al. () showed that the total percent removal of ions decreased as the initial concentration of ions increased. Ali et al. qualified this result, however, explaining that salt removal was the same at the same hydrodynamic and electrical conditions, and stating that the reduction in percent removal was not observed but calculated from the equation for the percent removal of ions (Ali et al. ) . Mohammadi et al. () reported that increasing the initial feed concentration improved Pb 2 þ removal using ED in the range from 100 ppm to 500 ppm, but had no effect beyond 500 ppm (Mohammadi et al. ) .
The effects of voltage have been investigated as well. It has been established that increasing voltage increases ion removal, and it has also been established that increased voltage affects some ions more than others. Walker () showed that, at higher applied voltages, sodium and sulfate ions are removed faster relative to the total ion removal (Walker ). Kabay et al. () also showed that voltage variation affects the removal of monovalent ions more than the removal of divalent ions under their experimental conditions (Kabay et al. ) .
In 2000, Tanaka showed the current density distribution in an electrodialyzer is related to the distribution of flow velocity and electrolyte concentration in desalting cells theoretically and experimentally. The present study conducts laboratory research to provide additional information on how feed concentration, applied voltage, and feed flow rate affect salt removal and the concentration gradient in electrodialyzers. Additionally, the present study incorporates the effects of these factors into an experimental and mathematical model than can predict salt removal and concentration gradient. The present work builds on the efforts of Tanaka (), who modeled the concentration distribution in the direction of electric field (Tanaka ), as well as on other studies that developed a semi-empirical model based on Nernst-Planck and that tested the model for consistency against experimental data from various hydrodynamic conditions (Gnusin ; Gnusin et al. ). However, these studies have neglected the effect of convection driven by pressure gradient, which the present study takes into account.
MATHEMATICAL MODELING
A steady state fluid and mass transfer model was developed to simulate ion transport for NaCl in an ED cell pair. The model domain includes a two-dimensional cell pair where the electrical field is in the y-direction and water flows in the x-direction. Figure 1 shows more details of the computational domain, including the channel geometry and the associated coordinate system. The control volume is composed of an anion-exchange membrane (AEM), a cation-exchange membrane (CEM), and water channel. Table 1 presents the parameters and geometrical characteristics of the cell. The governing fluid and mass transfer equations are shown below.
Model equations
To couple the flow field and the mass transfer, a two-dimensional computational domain was created. Due to low flow velocity, a laminar flow regime was assumed for both fluid and mass transfer. Conservation of momentum and mass equations (Equations (2) through (5)) were used in Cartesian coordinates as follows:
In Equation (2), the body force (f y ) is treated as follows:
In this equation, ε (C·v À1 ·m À1 ) is electric permittivity, E (v·m À1 ) is the electric field, and φ is the electric potential.
Additional equations are used to develop the model (Dutta & Beskok ) , which contains Equations (6) through (9). The Poisson-Boltzmann equation (Equation (6)) can be used to describe the electric potential distribution in the cell. In this equation, α is the ionic energy parameter and β is a variable. In Equation (8), ω is the Debye-Huckel parameter, which is the inverse of Debye length (λ). In Equation (9), e is the electron charge (C), k b is the Boltzmann constant (J·K À1 ), and n 0 is ion density (mole·m À3 ).
Numerically solving the incompressible Navier-Stokes equations is challenging for a variety of reasons. The first confounding factor is the nonlinear nature of the partial differential equations. Especially for flows of high velocity or low viscosity, the equations can produce a highly unstable flow in eddy form. There is also the matter of the constraint imposed by incompressibility: any algorithm must ensure a divergence-free flow field at any given time during the calculation. This matter leads to the question of how to recover the pressure from the velocity, considering that the equations do not provide any boundary conditions for the pressure (Equation (10)) (Chapman ).
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Boundary conditions
The general fluid and mass boundary conditions are described below (Shaposhnik et al. ) .
Fluid boundary conditions
At the inlets of the channels, the fluid velocity is uniform and specified:
At the AEM and CEM, the no-slip boundary condition is applied for velocity. Consequently:
Mass boundary conditions
At the inlets of the channels, the salt concentration is constant and specified:
At the end of the channels, there is no diffusion flux, thus: @c(L, y) @x ¼ 0:
At the AEM, there is only anion flux, while at the CEM there is only cation flux. These conditions can be written as follows:
Numerical procedure
The flowchart for the simulation of ED cell is shown in Figure 2 . The simulation is based on an implicit finite difference method for each sub-model (fluid and mass transfer). As shown in Figure 2 , at each time step, all internal iterations are performed until they converge, and then the simulation proceeds to the next time step. 
EXPERIMENTAL METHODS
A complete laboratory-scale ED setup was designed and built to conduct the experiments where all the parameters were recorded every second using a data acquisition system. The system was run as a continuous system in which the effects of the investigated parameters could be detected clearly (Karimi ) . Figure 3 shows the electrodialyzer for this experiment. Seven individual narrow tubes have been placed in between the channels to collect the sample at different time intercepts.
Cell and membrane
The ED cell unit used in this setup was PCCell ED 64 002, a laboratory-scale electrodialyzer made by PCCell GmbH Company with the nominal capacity of 4-8 L/h per dilute and concentrate cell.
The utilized CEMs and AEMs with the active area of 64 cm 2 were cut from GE CR67-HMR and GE AR908 membranes, respectively. The mesh spacer (Spacer-Gasket and End Spacer-Gasket) used in the stack to make the dilute and concentrate chambers had a thickness of 0.4 mm and a direct flow path.
ED setup
The setup consists of five tanks, three micro-gear pumps able to communicate with any personal computer and programmable logic controller, voltage transducers, a current transducer, a pressure transducer, and a flow meter. The operating conditions were monitored at the inlet and outlet of the stack using sensors for inline temperature, pH, conductivity, flow, and pressure. The schematic of the setup is shown in Figure 4 .
Design of experiments
Based on the preliminary results, the final design of experiments was set as in Table 2 . Experiments were conducted at a constant temperature (22 C) and different feed concentrations, feed flow rates, feed pressures, and applied voltages ( Table 3) . The experiments were performed with a full factorial design at different levels of three main operating parameters. A full factorial design can determine the factors that significantly affect the response variables and can determine the optimum response in every set of the experiments (Montgomery ; Thompson ).
RESULTS AND DISCUSSION

Model validation
To assess the accuracy of the developed model, model validation was carried out by comparing the developed model with experimental values and Shaposhnik's model (Shaposhnik et al. ) . The results are shown in Figures 5 and 6. For further model evaluation, the model's predicted concentration distribution along the dilute compartment was compared to the experimental values, as presented in Figure 6 . The salt removal percentage was defined as:
where C f is feed concentration and C p is the concentration of the product. As can be seen in Figure 5 , the results of both models are close to each other and also match with experimental data. While Shaposhnik's model has a good agreement with experimental data, it cannot predict the concentration profile along the electrodialyzer. Figure 6 also illustrates the utility of the model developed in this research for predicting concentration distribution in dilute chamber along the electrodialyzer as a function of mono valent component concentrations. As can be seen in Figure 6 , there is a good agreement between model and experimental results. And the maximum error is mostly in second half of the path where the most ion transport has already happened.
Concentration distribution along the channel
The concentration distributions along the dilute and concentrate compartments for four different feed concentrations are presented in Figure 7 . The results show that the distribution is nonlinear, and as can be seen, most separation occurred in the first half of the path and as the fluid goes through the channel the separation become less. Because one of the factors that has effect on separation is ion concentration and, as the fluid passes through the channel, ion concentration reduces. The nonlinearity of distribution is mostly seen in higher concentration. The rate of decrease was higher at high concentrations than at low concentrations.
Effect of different parameter on salt removal
Pressure
The negative effect of pressure on removal is shown in Figure 8 , which presents the variation in salt removal with changes in current density at two different levels of pressure. At constant current density, salt removal decreased with increasing pressure. 
Voltage
The most important factor that affects the rate of separation in the ED process is applied voltage. Applying greater voltage, which increases current density, increases the ion flux, which results in a decrease in ion concentration on the membrane surface (Moon et al. ) and a greater concentration gradient for each ion in the diffusion boundary layer (Dutta & Beskok ) . The effect of cell voltage on salt removal at various feed concentrations and feed flow rates is shown in Figure 9 . According to this figure, increasing cell voltage (particularly from 7 to 12 V) increases removal values at all flow rates and all feed concentrations. At lower flow rates, the proportion of increase in removal is higher than at higher flow rates, because a low flow rate means a low velocity, and at a low velocity there is enough time for ions to pass through the membrane. Higher concentration has lower removal percentage but, in fact, the amount of ions that has been removed is higher.
Flow rate
Flow rate (superficial velocity) can have either positive or negative effect on ion removal. Increased velocity may cause a positive effect on the rate of ion removal since increasing the velocity decreases the thickness of the diffusion boundary layer and increases the dilute concentration on the membrane surface according to following equations:
where δ f is fluid boundary layer and δ m is mass boundary layer. However, increased flow rate may negatively affect the rate of ion removal because of lower residence time (t r ¼ L=U). In other words, it can be argued that at higher feed velocity, the ions do not have enough time to pass through the membrane or transfer from the dilute stream to the concentrate stream. The effect of flow rate on salt removal at various levels of feed concentration and cell voltages is shown in Figure 10 . According to these plots, increasing the feed flow rate, regardless of the feed concentration, will decrease the salt removal. As noted before, this effect is explained by reduced residence time at higher flow rates. Additionally, at higher flow rates and higher concentrations the effect of voltage is negligible. It means that at higher flow rate, applying higher voltage does not make any difference since ions do not have enough time.
Additionally, the effect of feed flow rate on removal is nonlinear, and the adverse effect of increases in the flow rate became more severe at higher flow rates. The nonlinear behavior can be explained by the hidden positive effect of superficial velocity on the thickness of the boundary layer, which affects ion removal.
CONCLUSIONS
A mathematical model was employed to predict mass transfer and the concentration distribution along the electrodialyzer. To further investigate the accuracy of the developed model, experimental results from a laboratoryscale ED system were compared to the model's predicted results for mass transfer and concentration distribution along the electrodialyzer. The findings of the experiment confirmed that the concentration distributions along both compartments are nonlinear and this nonlinearity is mostly seen at higher concentrations. The most separation occurred in the first half of the path. The equations used in the model were solved by the finite difference numerical method, using appropriate fluid and mass boundary conditions in the particular control volumes. Moreover, a predictive model was developed to predict the percentage of ion removal as a function of three driving forces. Furthermore, the effects of different operating parameters (pressure, voltage, and flow rate) on the removal of ions were also investigated experimentally. The results show that higher pressure and higher feed flow rate (velocity) both had a negative effect on ion removal. By increasing the pressure or feed flow rate, the percent removal of ions decreased due to a reduction in the residence time.
The analysis of the results showed that the effect of feed flow rate on ion removal was nonlinear, a result that can be explained by the hidden positive effect of superficial velocity on the ion removal, which occurs because higher velocities reduce the thickness of the boundary layer. In the investigated ranges, increasing voltage resulted in increased salt removal at a specific feed concentration.
